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Molecular gradients have been postulated to control the topographic mapping of retinal axons in their central targets.
Based initially on their expression patterns, and more recently on functional studies, members of the EphA subfamily of
receptor tyrosine kinases and their ephrin-A ligands have been implicated in the guidance of retinal axons along the
anterior±posterior axis of the chick optic tectum. The report that a receptor of the EphB subfamily, EphB2/Cek5/Nuk/
Sek3, is expressed in a high ventral to low dorsal gradient in the developing chick retina and is present on ganglion cell
axons suggests that it may be involved in the mapping of retinal axons along the corresponding dorsal±ventral axis of the
tectum. To address this issue, we have determined the expression and distribution of ephrin-B1/LERK-2/Cek5-L and ephrin-
B2/LERK-5/Htk-L/ELF-2, ligands for EphB2, in the developing chick retinotectal system using riboprobes, immunocyto-
chemistry, and receptor af®nity probes. Both ephrin-B1 and ephrin-B2 transcripts are expressed in a high dorsal to low
ventral gradient in the developing retina, complementary to the distribution of EphB2. Ephrin-B1 and ephrin-B2 proteins
are predominantly found in the developing plexiform layers, suggesting a role in the development of intraretinal connections.
Neither protein is detected on ganglion cell axons. In tectum, ephrin-B1 transcripts are expressed in a high dorsal to low
ventral gradient in the neuroepithelium and the protein is present along the processes of radial glia and is concentrated at
their endfeet in the stratum opticum, at the time retinal axons are growing through it. This distribution of ephrin-B1
suggests that it in¯uences retinal axon mapping along the dorsal±ventral tectal axis and may also be involved in intratectal
development. In contrast, ephrin-B2 transcripts and protein are localized to the deeper retinorecipient laminae in the
tectum at the time retinal axons begin to arborize in them, suggesting that this ligand may in¯uence the laminar patterning
of retinal axon terminations. q 1997 Academic Press
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INTRODUCTION graded distributions of ligands within the target, acting via
counter or parallel gradients of receptors expressed by reti-
Most axonal connections in the brain are topographically nal ganglion cells, control the establishment of the topo-
organized such that one neuronal population maps precisely graphic map (Brambilla and Klein, 1995; Friedman and
onto another in a manner that maintains neighbor relation- O'Leary, 1996a). In particular, EphA3/Mek4/Cek4, a mem-
ships. Studies de®ning the mechanisms that control the ber of the EphA subfamily of receptor tyrosine kinases (Eph
development of topographic maps have most often used as Nomenclature Committee, 1997), and two of its ligands,
a model system the projection of retinal ganglion cell axons ephrin-A5/AL-1/RAGS and ephrin-A2/ELF-1 (Gale et al.,
to their prominent midbrain target, the optic tectum of 1996b; Monschau et al., 1997), have been implicated in the
frogs, ®sh, and birds, or its mammalian homologue, the mapping of the temporal±nasal retinal axis along the ante-
superior colliculus (Roskies et al., 1995). Recently, compel- rior±posterior axis of the chick tectum (Cheng et al., 1995;
ling evidence has been obtained for the long-standing chem- Drescher et al., 1995; Nakamoto et al., 1996; Monschau et
al., 1997). Both of these ligands, which are anchored to theoaf®nity hypothesis (Sperry, 1963), which postulates that
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cell membrane by a glycosyl phosphatidylinositol (GPI)- receive retinal input, suggesting that it may participate in
de®ning lamina-speci®c arborizations of retinal axons.linkage, a characteristic of ephrin-A ligands, are distributed
in a high posterior to low anterior gradient in the chick
tectum (Cheng et al., 1995; Drescher et al., 1995). EphA3
is expressed in a high temporal to low nasal gradient in the MATERIALS AND METHODS
retina (Cheng et al., 1995), complementing the gradients of
its ligands in the tectum, and is present on ganglion cell Cloning
axons (Cheng et al., 1995). Consistent with these count-
DNA sequences for in situ probes were ampli®ed by PCR. Aergradients of receptor and ligands, both ephrin-A2 (Naka-
678-bp segment of chick ephrin-B1 and a 648-bp segment of chickmoto et al., 1996; Monschau et al., 1997) and ephrin-A5
ephrin-B2 were ampli®ed with the following pair of degenerate
(Monschau et al., 1997) preferentially repel temporal retinal primers: TTC/T ACI ATI AAA/G TTT/C CAA/G GA (5*) and TC/
axons. TA IAC T/CTT G/ATA G/ATA IAT G/ATT (3*). The chick ephrin-
The mapping of the ventral±dorsal axis of the retina along B1 segment shares a 77% identity with the homologous region of
rat ephrin-B1 (Fletcher et al., 1994) and a 62% identity with mousethe dorsal±ventral axis of the tectum is also expected to be
ephrin-B2 (Bennett et al., 1995; Bergemann et al., 1995). The ephrin-controlled by corresponding graded distributions of ligands
B2 segment shares a 60% identity with the homologous region ofand their receptors (Sperry, 1963). Consistent with this hy-
rat ephrin-B1 and an 84% identity with mouse ephrin-B2.pothesis is the report that EphB2/Cek5/Nuk/Sek3, a mem-
ber of the EphB subfamily of receptor tyrosine kinases (Eph
Nomenclature Committee, 1997), is distributed in a high EphB2-fc Production
ventral to low dorsal gradient in the chick retina and is
The extracellular regions of the EphB2 receptor, without the sig-present on the axons of retinal ganglion cells (Holash and
nal peptide sequence, were fused in-frame in between the signalPasquale, 1995). To assess the potential role of EphB2 in
peptide sequence from mouse myc-1 receptor (Andres et al., 1994)retinal axon guidance, we have examined in the developing
and the human IgG1-fc hinge region (Aruffo et al., 1990) con-chick visual system the expression and distribution of the
structed in pCEP4 (Invitrogen). Expression plasmid DNA was tran-
two identi®ed ligands for EphB2, ephrin-B1/LERK-2/Cek5- siently transfected into human 293 cells using the calcium phos-
L and ephrin-B2/LERK-5/Htk-L/ELF-2, which are trans- phate precipitation method. Serum-free conditioned medium was
membrane proteins, a characteristic of ephrin-B ligands collected for 5 days, passed through a 0.22-mm ®lter, and stored at
(Pandey et al., 1995). We did not examine the expression of 47C or the EphB2-fc fusion proteins were puri®ed over protein A
columns (Pierce). The concentration of puri®ed fusion proteins wasa recently identi®ed third ephrin-B ligand, ephrin-B3/Elk-
determined using MicroBCA protein assay reagents (Pierce) andL3/Elf3 (Gale et al., 1996a), since it does not appear to signal
their purity assessed by Coomassie blue staining of SDS gels.through EphB2 (Brambilla et al., 1996).
If EphB2 is involved in the topographic mapping of the
ventral±dorsal axis of the retina onto the optic tectum, a In Situ Hybridization
ligand for EphB2 should be distributed in a gradient along
Digoxigenin-labeled riboprobes to ephrin-B1 and ephrin-B2 werethe corresponding dorsal±ventral axis of the developing tec-
synthesized from cDNAs as described by Friedman and O'Learytum (Brambilla and Klein, 1995; Friedman and O'Leary,
(1996b). Probes were synthesized from a 678-bp fragment of chick1996a). Alternatively, an EphB2 ligand expressed in a graded
ephrin-B1 cDNA and a 648-bp fragment of chick ephrin-B2 cDNA.manner by retinal ganglion cells, and present on their axons,
In situ hybridizations of 20-mm cryosections were performed as
could in¯uence topographic ordering of retinal axons within described (Friedman and O'Leary, 1996b). In some cases proteinase
the retina or along the optic pathway. For example, axons K treatment preceded the acetylation step as follows: Sections were
expressing EphB2 receptors may be repelled by axons ex- ®xed in 4% paraformaldehyde in phosphate-buffered saline (PBS)
pressing ephrin-B1 or ephrin-B2 ligands. Consistent with for 10 min at room temperature (RT) and then rinsed three times
for 3 min each in PBS. Slides were then incubated for 2 min in 2this hypothetical action, rat motor axons and migrating
mg/ml proteinase K (EM Science) in 50 mM Tris±Cl (pH 7.5), 5 mMtrunk neural crest cells, which express EphB2, are repelled
EDTA and then ®xed again in 4% paraformaldehyde in PBS for 5in vitro by substrates of ephrin-B1 or ephrin-B2 (Wang and
min. After rinsing three times for 3 min each in PBS, acetylationAnderson, 1997). In addition, because ephrin-B ligands may
was performed as described (Friedman and O'Leary, 1996b). Sec-
mediate bidirectional signaling (BruÈ ckner et al., 1997; Hol- tions were hybridized with 0.5 mg/ml riboprobes in hybridization
land et al., 1996), axons expressing ephrin-B1 or ephrin-B2 buffer for 16 hr at 727C. Whole-mount in situs were performed as
could be repelled by axons expressing EphB2. described by Wilkinson (1992).
We ®nd that both ephrin-B1 and ephrin-B2 are expressed
in a high dorsal to low ventral gradient in the developing
Immunocytochemistryretina, but are not present on retinal ganglion cell axons.
Ephrin-B1 is also expressed in a high dorsal to low ventral Chick embryos were perfused with 4% paraformaldehyde in 0.1
gradient in the developing tectum, suggesting that it may M phosphate buffer (PB), the cornea and lens were removed from
in¯uence retinal axon mapping along this axis. In contrast, the eyes, and then the heads were removed and post®xed overnight
at 47C. After several rinses in PB, tissue was cryoprotected in 30%ephrin-B2 is found in a subset of the tectal laminae that
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sucrose in PB. Fixed E8 and fresh E10 chick heads were frozen on mm camera mounted on a Nikon Microphot microscope or a Wild
stereo dissecting microscope. Film was digitized using a Nikoncrushed dry ice, and 20-mm cryosections, cut parallel to the dorsal±
ventral axis, were thaw-mounted onto gelatin-coated slides and air 35-mm scanner. Figures were produced using Adobe Photoshop
software on a Macintosh computer and printed on a Fujix printer.dried. The sections were blocked in 0.1 M PBS, 10% goat serum
(GS) for 30 min at RT and then incubated overnight at 47C with As noted in the appropriate ®gure legends, matched sets of immu-
nocytochemistry and in situ gradient photos were taken using thepolyclonal antibody SC 1011 (Santa Cruz Biotechnology) diluted
1:100 or antibody SC 910 (Santa Cruz Biotechnology) diluted 1:200 same camera settings, and all computer adjustments of image
brightness and contrast were done simultaneously and equally toin PBS plus 1% GS. Sections were rinsed for 30 min in PBS, incu-
bated for 45 min at RT with a rhodamine-conjugated goat anti- each set.
rabbit secondary antibody (Jackson ImmunoResearch), diluted
1:500 in PBS plus 1% goat serum, and then rinsed in PBS for 30
min. For antibody SC 910, 0.1% Triton X-100 (Sigma) was added RESULTS
to PBS during the immunolabeling procedure. Sections were then
counterstained with the nuclear dye bisbenzimide. Antibody SC
Ephrin-B1 and Ephrin-B2 Are Expressed in a1011 speci®cally recognizes ephrin-B1, whereas antibody SC 910
Dorsal±Ventral Gradient in Developing Retinarecognizes both ephrin-B1 and ephrin-B2.
The expression of ephrin-B1 and ephrin-B2 in the retina
was examined in a series of embryos ranging in age fromEphB2-fc Protein Binding
E3 to E14 using digoxigenin-labeled riboprobes. ThroughoutChick tecta and retinas with attached optic nerves and sur-
this period, which covers the major phase of retinal neuro-rounding tissues were dissected and incubated for 75±90 min at
genesis (Kahn, 1973, 1974), both ligands are differentiallyRT in EphB2-fc receptor fusion protein (4 mg/ml) in HBHA [0.5 mg/
expressed along the dorsal±ventral retinal axis (Fig. 1). Atml BSA, fraction V (Sigma), 0.1% Na azide, 20 mM Hepes (Sigma),
E3, when retinal neurogenesis is just beginning (Kahn, 1973,pH 7.0, in Hanks' balanced salt solution (Gibco/BRL)], rinsed six
times for 5 min each in HBHA, and then incubated for 45±90 min 1974), the expression of both ephrin-B1 and ephrin-B2 is
at RT in rhodamine-conjugated goat anti-human fc (Jackson Immu- restricted to the dorsal retina, although ephrin-B1 shows
noResearch), diluted 1:200 in HBHA. Tissue was then rinsed six a broader expression domain than ephrin-B2. Ephrin-B1 is
times for 5 min each in HBHA, ®xed for 30 min at RT in 4% expressed throughout the dorsal half of the retina (Fig. 1A),
paraformaldehyde in PB, rinsed three times for 10 min each in PB, whereas ephrin-B2 expression is restricted to the dorsal
and cryoprotected in 30% sucrose in PB. Tissue was then frozen
quadrant (Fig. 1B). At E6, about midway through the periodin OCT compound, and 15-mm cryosections were thaw-mounted
of retinal neurogenesis, both ephrin-B1 (Fig. 1C) and ephrin-onto gelatin-coated slides and air dried. Sections were then counter-
B2 (Fig. 1D) have a high dorsal to low ventral gradient ofstained with the nuclear dye bisbenzimide.
expression within the retina. This graded expression patternWhole chick brains were dissected from surrounding tissues and
is also evident at the other ages examined, E8, E10, and E14incubated for 75 min at RT in EphB2-fc receptor fusion protein
(4 mg/ml), rinsed in HBHA, and then ®xed for 1 hr at RT in 4% (not shown).
paraformaldehyde in PB. Tissue was then rinsed twice for 20 min At E6, prior to the establishment of retinal lamination,
each in PBS, incubated in 0.1% H2O2 in PBS for 1 hr, and rinsed ephrin-B1 and ephrin-B2 expressing cells are present
for several hours in PBS with 1% Triton (PBST). After blocking for throughout the depth of the neural retina (Figs. 1C and 1D).
2 hr in PBST plus 10% GS, tissue was incubated for 2 hr at RT in Ephrin-B1 and ephrin-B2 transcripts are not detected in the
peroxidase-conjugated goat anti-human fc (Jackson ImmunoRe-
optic nerve, although the nerve is surrounded by cells thatsearch), diluted 1:2000 in PBST plus 1% GS. Tissue was then rinsed
express these ligands (Fig. 1C). As retinal lamination be-three times for 1 hr each in PBST plus 1% GS and incubated for
comes progressively more de®ned, expression of these li-30 min in 0.2 mg/ml diaminobenzidine (DAB) in PBST. Tissue was
gands becomes restricted to a subset of retinal cells. Wethen incubated for 20±40 min at RT in 0.2 mg/ml DAB, 0.03±
only illustrate the expression of ephrin-B1 at these later0.06% H2O2 in PBST.
ages, since we have found that the laminar expression pat-
terns of ephrin-B1 and ephrin-B2 are qualitatively similar.DiI Labeling
At E8 (Fig. 1E), E10 (not shown), and E14 (Fig. 1F), ephrin-
DiI was used as an anterograde axon tracer (Honig and Hume, B1 expressing cells are located in the ganglion cell layer and
1986, 1989) to label retinal axons projecting to the tectum. Focal throughout the inner nuclear layer, with highest expression
injections of a 10% solution of DiI (Molecular Probes) in dimethyl- associated with the innermost aspect of the inner nuclear
formamide (Sigma) were made into the retina on the 12th day of layer, where the cell bodies of amacrine cells are located.
incubation. Embryos were incubated for an additional 2 days and Ephrin-B1 expression is not detected in the outer nuclear
then perfused with 4% paraformaldehyde in PB. Tecta were re-
layer, which contains the cell bodies of rod and cone photo-moved and 100-mm vibratome sections were collected and counter-
receptors. At E8, a single row of cells within the inner plexi-stained with the nuclear dye bisbenzimide.
form layer also expresses ephrin-B1 (Fig. 1E). It is likely
that these ephrin-B1 expressing cells are displaced amacrine
Figure Preparation cells, which at this age are passing through the inner plexi-
form layer to relocate to the ganglion cell layer (Layer andBright®eld photos were made with Ektachrome 160T ®lm and
¯uorescence photos with Fujichrome 400 ®lm, using a Nikon 35- Vollmer, 1982; Spira et al., 1987). This row of ephrin-B1
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FIG. 1. Ephrin-B1 and ephrin-B2 transcripts are differentially distributed along the dorsal±ventral axis of embryonic chick retina. Ephrin-
B1 (A, C, E, F) and ephrin-B2 (B, D) expression detected with digoxigenin-labeled riboprobes. Retinal axis labeling is D, dorsal; V, ventral;
N, nasal; and T, temporal. (A, B) Lateral views of whole mounts at embryonic day (E) 3. Ephrin-B1 (A) and ephrin-B2 (B) are expressed
highly in dorsal retina (arrowheads). Ephrin-B2 is also expressed in the lens (arrow in B). (C, D) Sections from E6 retina cut parallel to the
dorsal±ventral retinal axis, taken from near the middle of the retina. Ephrin-B1 (C) and ephrin-B2 (D) are expressed in a high dorsal
(arrowheads) to low ventral gradient. Expressing cells (arrow in C) are also present around, but not within, the optic nerve (on). (E, F)
Higher power photos showing ephrin-B1 expression in sections of E8 (E) and E14 (F) retina. Ephrin-B1-expressing cells are present in the
ganglion cell layer (gcl) and inner nuclear layer (inl). Migrating displaced amacrine cells (arrow in E) within the inner plexiform layer (ipl)
also express ephrin-B1 at E8. The pigmented epithelium (arrowheads in E and F) is dark due to the pigment, not ephrin-B1 expression.
Abbreviations: o¯, optic ®ber layer; onl, outer nuclear layer; tec, tectum. Scale bars  300 mm in C and D; 50 mm in E and F.
expressing cells is not evident at E14 (Fig. 1F), by which of E8 retina, cut parallel to the dorsal±ventral axis, with
antibody SC-910, which recognizes both ephrin-B1 andtime the cell bodies of displaced amacrine cells reside at
ephrin-B2. E8 retina was chosen since laminar developmentthe outer aspect of the ganglion cell layer (Layer and Voll-
is in progress, with all retinal layers distinguishable in moremer, 1982; Spira et al., 1987), which is the location of the
mature regions (Coulombre, 1955; Kahn, 1974), and becauserow of expressing cells in the ganglion cell layer (Fig. 1F).
retinal ganglion cell axons are targeting within the tectumThese spatiotemporal correlations suggest that at later ages
(Nakamura and O'Leary, 1989).some, if not all, of the ephrin-B1 and ephrin-B2 expressing
Similar to the distribution of ephrin-B1 and ephrin-B2 tran-cells in the ganglion cell layer are displaced amacrine cells.
scripts, SC-910 immunoreactivity is distributed in a graded
fashion, with highest levels in the dorsal retina (Figs. 2A±2C),
moderate levels in the central retina (Figs. 2G±2I), and veryEphrin-B1 and Ephrin-B2 Proteins Are
low levels in the ventral retina (not shown). The highest levelPredominantly Localized to Plexiform
of SC-910 immunoreactivity is present in the developing innerLayers in Developing Retina
plexiform layer (Figs. 2B, 2C, 2E, 2F, 2H, and 2I). In the more
To determine the distribution of ephrin-B1 and ephrin-B2 mature central retina, SC-910 immunoreactivity is preferen-
tially found in the outermost portion of the inner plexiformproteins within the developing retina, we labeled sections
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FIG. 2. Immunostaining for ephrin-B1 and ephrin-B2 in the embryonic retina is predominantly localized to plexiform layers. Photos are
of a section through an E8 dorsal retina and progress from peripheral to central retina and therefore from less mature to more mature
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layer, sclerad to the cell bodies of displaced amacrine cells, as digoxigenin-labeled riboprobes. From E3 to E10, ephrin-B1
well as within the sclerad portion of the ganglion cell layer is differentially expressed along the dorsal±ventral tectal
(Figs. 2G±2I). SC-910 immunoreactivity is also present in the axis (Fig. 4), but by E14 expression is no longer detected in
external limiting membrane (Figs. 2A±2I) and the developing the tectum. At E3, when tectal neurogenesis is beginning
outer plexiform layer (Figs. 2G±2I). (LaVail and Cowan, 1971b), a subtle high dorsal to low ven-
Although cells which express ephrin-B1 and ephrin-B2 are tral gradient of ephrin-B1 expression is evident (Fig.
present in the ganglion cell layer (Figs. 1E and 1F), SC-910 4A).This gradient is evident at E6 (Figs. 4B±4D), when the
immunoreactivity is not detectable in the optic ®ber layer ®rst retinal axons are just entering the tectum from its ven-
(Figs. 2D±2I), where the axons of ganglion cells extend toward trorostral edge, and appears to be more pronounced at E8
the optic ®ssure to enter the optic nerve. A potential caveat, (Figs. 4E±4I), when retinal axons are extending across the
though, is that the SC-910 antibody has been found to be less tectum. This graded expression pattern was still evident at
ef®cient at detecting phosphorylated forms of ephrin-B1 and E10 (not shown). In addition to the dorsal±ventral gradient
ephrin-B2 on Western blots (Holland et al., 1996). Therefore, of ephrin-B1 expression, a subtle high caudal to low rostral
to verify that ephrin-B1 and ephrin-B2 are not present on gan- gradient was evident at early ages (Fig. 4A) and became more
glion cell axons, E7 retinas with attached optic nerves were obvious by E8 (Figs. 4J±4L).
labeled with an EphB2-fc fusion protein which detects both At each age examined, ephrin-B1 expression is largely
ligands. EphB2-fc labeling is not detected within the optic restricted to the neuroepithelium. At E6, when the tectal
nerve (Fig. 3A); however, in the tissue surrounding the optic wall is predominantly neuroepithelium (LaVail and Cowan,
nerve, cells which express ephrin-B1 (Fig. 1C) and ephrin-B2 1971a), ephrin-B1 expression is broad (Figs. 4B±4D). By E8
(not shown) transcripts are strongly labeled (Fig. 3A). A similar and E10, when the tectal wall has undergone substantial
ligand distribution was found at E10 using the ephrin-B1 spe- differentiation and thickening, ephrin-B1 is strongly ex-
ci®c antibody SC-1011; cells in tissue adjacent to the optic pressed only in the relatively thin neuroepithelium, al-
nerve are labeled, but the nerve is not (Fig. 3B). To determine though scattered, labeled cells are found super®cial to this
whether ephrin-B1 or ephrin-B2 may be present elsewhere in layer (Figs. 4F and 4G). The dorsal±ventral gradient appears
the optic pathway, whole mounts of E8 brains were labeled to be due to a greater amount of ephrin-B1 transcript per
with EphB2-fc. Consistent with the absence of ligand detection cell, rather than a greater number of cells expressing ephrin-
more proximal to the retina, EphB2-fc labeling is also absent
B1, in dorsal tectum (Fig. 4I) compared to ventral tectum
from the distal ends of the optic nerves near the optic chiasm
(Fig. 4H). Within the neuroepithelium, the most heavilyand is not detected in the optic chiasm or the optic tracts (Fig.
labeled cells are concentrated at the ventricular surface (see3C). However, punctate staining is present just caudal to the
for example, Fig. 4I). By E14, the neuroepithelium is absentoptic chiasm (Fig. 3D), and strong staining is observed in the
(LaVail and Cowan, 1971a), and ephrin-B1 expression is no¯oor plate, infundibulum and telencephalon (Fig. 3C). There-
longer detected (not shown).fore, we conclude that the transmembrane ligands ephrin-B1
To determine the distribution of ephrin-B1 protein withinand ephrin-B2 are not present in detectable amounts on retinal
the tectum, we labeled E8 tecta with an EphB2-fc receptorganglion cell axons nor on cells in the optic nerve, optic chi-
fusion protein. E8 tectum was chosen since it is a key ageasm, or optic tract, at least at the developmental stages we
in retinotectal targeting and because ephrin-B2, which ishave examined. These ®ndings suggest a role for ephrin-B1
also recognized by EphB2-fc, is con®ned to the tectal mid-and ephrin-B2 in intraretinal development, but not in the or-
line at this age (see below). EphB2-fc labels radially orienteddering of ganglion cell axons within the optic pathway.
cell processes extending from the ventricular to the pial
Ephrin-B1 Has a Dorsal±Ventral Graded surfaces, with especially strong labeling at the pial surface
Expression in the Developing Optic Tectum (Fig. 5), where the axons of retinal ganglion cells extend
over the tectum within the stratum opticum and contactThe expression of ephrin-B1 in the tectum was examined
in a series of embryos ranging in age from E3 to E14 using radial glial endfeet. Within the neuroepithelium, relatively
retina. A±C are from peripheral dorsal retina, D±F from an intermediate position, and G±I from central±dorsal retina. A, D, and G show
immunolabeling with an antibody SC-910, which recognizes both ephrin-B1 and ephrin-B2 and a rhodamine-conjugated secondary antibody.
B, E, and H are the same ®elds as A, D, and G, respectively, labeled with the nuclear dye bisbenzimide. C, F, and I are overlays of the
immunostaining and nuclear staining in A and B, D and E, and G and H, respectively. In more immature portions of the retina, the highest
level of ephrin-B1/2 immunoreactivity is in the developing inner plexiform layer (ipl; arrow in A and D). Immunostaining is also concen-
trated in the external limiting membrane (arrowheads in A and D). In the more mature portion (G±I), in addition to immunostaining in
the inner plexiform layer (arrow #1) and the external limiting membrane (arrowhead), staining is also concentrated in the portion of the
ganglion cell layer (gcl) nearest the inner plexiform layer (arrow #2) and in the outer plexiform layer (opl; arrow #3). Note the presence of
migrating displaced amacrine cells in the inner plexiform layer of the more mature retina (arrowhead in H); the immunostaining in the
inner plexiform layer is sclerad to them (H, I). No staining is observed in the optic ®ber layer (o¯). No staining was found in control
sections when the primary antibody was omitted (not shown). Immunostaining photos were taken using the same settings and all image
adjustments of the photos were applied uniformly to each photo and done simultaneously and equally to the full set. Scale bar  50 mm.
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labeling was observed in the remainder of the neuroepithel-
ium, although in situ hybridization shows that these neuro-
epithelial cells also express ephrin-B1. This could be due to
a masking of ephrin-B1 protein by the endogenous EphB2
receptor (Gale et al., 1996b), which is also expressed in the
neuroepithelium (Kenny et al., 1995). Although the distri-
butions of ephrin-B1 transcripts and EphB2-fc labeling cor-
relate well in E8 tectum, we cannot be certain that the
EphB2-fc labeling is entirely due to ephrin-B1 since EphB2
may weakly bind ephrin-B3 (Brambilla et al., 1996; Gale et
al., 1996a). Consistent with the graded distribution of
ephrin-B1 transcripts, EphB2-fc labeling is strongest in dor-
sal and caudal tectum and weakest in ventral and rostral
tectum (not shown). The EphB2-fc-labeled tectal cells are
likely radial glia, since their apparent morphology, sug-
gested by the distribution of EphB2-fc labeling, is similar
to that of radial glial cells in E8 chick tectum (Vanselow et
al., 1989). In support of this interpretation is our ®nding
that ephrin-B1 transcripts are predominantly located in the
neuroepithelium (Fig. 4), where the cell bodies of radial glial
cells reside, and cells that appear to be migrating are aligned
along the EphB2-fc-labeled processes (Fig. 5C). These ®nd-
ings suggest a role for ephrin-B1 in topographic mapping of
retinal axons in the tectum, as well as in intratectal develop-
ment.
Ephrin-B2 Is Localized to the Deeper
Retinorecipient Laminae in the Developing
Optic Tectum
The expression of ephrin-B2 in the optic tectum was ex-
FIG. 3. Ligands for EphB2 are not detected within the pathway of amined in embryos ranging in age from E3 to E14 using
retinal ganglion cell axons from the retina to the tectum. The recep- digoxigenin-labeled riboprobes. At E3, E6, and E8, ephrin-
tor af®nity probe EphB2-fc was used to detect the distribution of B2 expression is not detected in the tectum, although it is
EphB2 ligands, including ephrin-B1 and ephrin-B2 (A, C, D). Alter-
strongly expressed at the midline between the tectal lobes,natively, the antibody SC-1011 was used to detect ephrin-B1 (B).
as illustrated in Fig. 6A for an E6 midbrain. Ephrin-B2 ex-(A) A section passing through the proximal portion of the optic
pression is ®rst detected in the optic tectum rostrally atnerve (on) of an E7 retina (ret) processed with EphB2-fc and a rhoda-
E10, and spreads caudally, such that by E14 it is expressedmine-conjugated secondary antibody. Cells surrounding the optic
throughout the tectum. Over this period, ephrin-B2 expres-nerve (arrow) are intensely labeled, but the optic nerve is unlabeled.
(B) Section passing through the optic nerve of an E10 embryo, la- sion is primarily localized to a single band of expressing
beled with antibody SC-1011 and a rhodamine-conjugated second- cells, as illustrated for an E14 case in Fig. 6B. To determine
ary antibody. Cells surrounding the optic nerve are labeled, but the the laminar distribution of ephrin-B2 expression, sections
optic nerve is unlabeled. (C) Ventral view of a whole mount of labeled with ephrin-B2 antisense riboprobes were counter-
an E8 brain processed with EphB2-fc and a peroxidase-conjugated stained with the nuclear dye bisbenzimide (Figs. 6C and
secondary antibody. The optic tract (ot) and the distal portion of
6D). These preparations reveal that ephrin-B2 transcriptsthe optic nerve (arrows) are not stained, whereas the ¯oor plate
are predominantly localized to lamina D, the major retinor-(fp), infundibulum, and ventral telencephalon are heavily stained.
ecipient lamina of the tectum, although scattered cells are(D) Higher power view of the region of the optic chiasm (oc) in B.
also found outside of lamina D, mainly within lamina C,Punctate staining is present just caudal to the oc (arrow). No label-
which receives a minor retinal input (LaVail and Cowan,ing was found in tissue labeled with control fc and processed simi-
larly (not shown). Scale bars  50 mm in A; 100 mm in B; 500 mm 1971a, nomenclature as modi®ed by Yamagata and Sanes,
in C; and 150 mm in D. 1995a).
To determine the distribution of ephrin-B2 protein, we
labeled E14 tecta with an EphB2-fc receptor fusion protein.
EphB2-fc labeling is centered on lamina D and extends from
the border of lamina G super®cially into lamina C (Fig. 6E).strong labeling is also present at the ventricular surface (Fig.
5), coincident with the location of cells expressing the high- In the mature tectum, the deep retinorecipient laminae, D
and F, are separated by a single row of cells designated lam-est levels of ephrin-B1 (Fig. 4I). However, relatively light
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ina E (LaVail and Cowan, 1971a); however, these deeper ephrin-B1 and ephrin-B2 become phosphorylated on tyro-
sine residues upon binding EphB2 (BruÈ ckner et al., 1997;retinorecipient laminae are not distinct from one another
at E14 in either the less or more mature parts of the tectum. Holland et al., 1996); therefore, these receptor±ligand pair-
ings may mediate bidirectional cell signaling in developingAlthough EphB2-fc also binds ephrin-B1, as well as weakly
to ephrin-B3 (Brambilla et al., 1996; Gale et al., 1996a), retinal cells.
Since EphB2 receptors are present on retinal ganglion cellephrin-B2 is likely to be the predominant ligand responsible
for the labeling observed in E14 tectum since the EphB2-fc axons (Holash and Pasquale, 1995), speci®cally on those
arising from the ventral retina, it is conceivable that ephrin-labeling pattern is strikingly similar to the distribution of
ephrin-B2 transcripts, and ephrin-B1 expression is not de- B1 and ephrin-B2 may in¯uence the retinotopic ordering of
retinal axons within the retina and along the optic pathwaytected at this age. To con®rm that the EphB2-fc labeling is
coincident with retinal arborizations at E14, we antero- (Thanos et al., 1984; Nakamura and O'Leary, 1989; Holash
and Pasquale, 1995). Although we ®nd that both ligands aregradely labeled retinal axons with intraretinal injections of
DiI. The deeper arborizations of the DiI-labeled retinal ax- expressed in the ganglion cell layer, we ®nd no evidence
that either ephrin-B1 or ephrin-B2 protein is present on reti-ons coincide with the band of EphB2-fc labeling. This corre-
lation is especially apparent in cases in which a smaller nal ganglion cell axons, either in the retinal optic ®ber layer
or within the optic nerve, optic chiasm, or optic tract. Ouramount of DiI is injected, revealing individual labeled reti-
nal arbors restricted to the deeper retinorecipient laminae ®ndings suggest that amacrine cells, which are predomi-
nantly located in the inner aspect of the inner nuclear layer,(Figs. 6F and 6G). These ®ndings suggest that ephrin-B2 may
play a role in lamina-speci®c terminations of retinal axons. express ephrin-B1 and ephrin-B2 and that some, if not all,
of the expressing cells in the ganglion cell layer are displaced
amacrine cells. We also ®nd that in the developing retina,
ephrin-B1 and ephrin-B2 proteins are predominantly local-DISCUSSION
ized in the inner plexiform layer, with lower levels in the
outer plexiform layer and external limiting membrane. Ho-Our investigation in the developing chick visual system
of the expression patterns of ephrin-B1 and ephrin-B2, trans- lash and colleagues (1997) show a similar distribution of
ephrin-B1 transcripts in the developing chick retina, andmembrane ligands for the EphB subfamily of receptor tyro-
sine kinases, was motivated by the ®nding that one of their they report EphB2-fc labeling in the developing inner plexi-
form layer. Interestingly, the laminar distribution of EphB2receptors, EphB2, is expressed in a graded pattern in the
developing chick retina (Holash et al., 1995) and the demon- transcripts (Holash et al., 1997) and protein (Pasquale et al.,
1994) in the developing retina resembles that which westrations that receptor tyrosine kinases of the EphA subfam-
ily and their GPI-linked, ephrin-A ligands are involved in describe here for its ligands. Therefore, since EphB2 and its
ligands, ephrin-B1 and ephrin-B2, are preferentially local-the targeting of retinal axons along the anterior±posterior
tectal axis (Nakamoto et al., 1996; Drescher et al., 1995; ized to the developing plexiform layers as they begin to
form, days before the onset of synaptogenesis in the chickMonschau et al., 1997). Our ®ndings suggest a role for
ephrin-B1 and ephrin-B2 in retinal and tectal development, retina (Fisher, 1983; Hughes and LaVelle, 1974), together
they may be involved in the differentiation of retinal synap-as well as in the establishment of topographic and lamina-
speci®c retinal projections in the developing optic tectum. tic layers and the formation of connections within them.
Possible Role of Ephrin-B1 in Retinotectal MappingPossible Roles of Ephrin-B1 and Ephrin-B2 within
the Retina and Optic Pathway We ®nd in the developing optic tectum a high dorsal to
low ventral graded expression of ephrin-B1 largely restrictedWe show that transcripts for ephrin-B1 and ephrin-B2 are
distributed in a high dorsal to low ventral gradient in the to the neuroepithelium (Fig. 7). The gradient of ephrin-B1
expression is subtle at E3, becomes more de®ned at E6 anddeveloping chick retina. Holash et al. (1997) have reported
a similar ®nding for ephrin-B1. In contrast, EphB2, which E8, and remains evident at E10, and expression is not de-
tected at E14. Our ®nding of a graded expression of ephrin-binds the transmembrane ligands, is distributed in a com-
plementary high ventral to low dorsal gradient within the B1 contrasts with the recent description by Holash et al.
(1997), who examined the expression of ephrin-B1 at E8developing retina of chicken (Holash et al., 1997) and quail
(Kenny et al., 1995) (Fig. 7). Similar complementary distri- and report similar levels in dorsal and ventral tectum. This
discrepancy could be due to technical differences betweenbutions of Eph receptor tyrosine kinase ligand and receptor
proteins have also been recently described in the developing the studies. For example, we used digoxigenin-labeled
probes while they used 33P radiolabeled probes. In addition,mouse retina (Marcus et al., 1996). Since ephrin-B1 and
ephrin-B2 transcripts are present in the chick retina at E3, gradients can be masked if the signal is saturated by overde-
velopment of a color reaction, by overexposure to ®lm orwhen retinal neurogenesis is just commencing (Kahn, 1973),
these ligands may be involved in cell fate determination in emulsion, or by background levels that are high relative to
the signal.the retina, perhaps determining positional identity along
the dorsal±ventral axis of the retina. Interestingly, both Ephrin-B1 is expressed in a gradient when retinal axons
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FIG. 4. Ephrin-B1 transcripts have a graded distribution in the developing optic tectum. Ephrin-B1 expression detected with a digoxigenin-
labeled riboprobe. Within the optic tectum at each age shown, ephrin-B1 expression is high within the neuroepithelium (ne) and very low
elsewhere. (A) Lateral view of the left optic tectum in an E3 whole mount. Ephrin-B1 expression shows a subtle high dorsal±posterior to
low ventral±anterior gradient. The anterior (A), posterior (P), dorsal (D), and ventral (V) borders of the tectum are indicated. Ephrin-B1
expression in the dorsal retina is indicated with an arrow. (B) Section cut transverse to the anterior±posterior axis of an E6 optic tectum.
Arrows indicate the approximate ventral and dorsal borders of the tectum. The midline is marked with an open arrowhead. Ephrin-B1
expression shows a high dorsal to low ventral gradient. (C, D) Higher power photos of the tectal wall at the ventral (C) and dorsal (D)
locations indicated with ®lled arrowheads in B. (E) Section cut transverse to the anterior±posterior axis of an E8 optic tectum. Arrows
indicate the approximate ventral and dorsal borders of the tectum. Ephrin-B1 expression has a high dorsal to low ventral gradient. (F, G)
Higher power photos of the tectal wall at the ventral (F) and dorsal (G) locations indicated with arrowheads in E. (H, I) Higher power
photos of the neuroepithelium (ne) at ventral (H) and dorsal (I) locations indicated with arrowheads in E. The gradient appears to be largely
due to differences in the mean level of expression per cell, rather than differences in the number of expressing cells. The most heavily
labeled cells (arrow) are concentrated at the ventricular surface. (J) Sagittal section of an E8 optic tectum cut transverse to the dorsal±
ventral tectal axis. Arrows indicate the approximate anterior and posterior borders of the tectum. Ephrin-B1 expression shows a high
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enter the tectum on E6 (Goldberg, 1974) and later as they mation within the tectum. However, if ephrin-B1 directly
controls the topographic mapping of retinal axons, it wouldextend toward its caudal pole. Although ephrin-B1 tran-
scripts are localized to the neuroepithelium, ephrin-B1 pro- likely operate through an attractive mechanism since ven-
tral retinal ganglion cells, which express high levels oftein is present on the processes of radially aligned cells that
span the width of the tectal wall, with especially high levels EphB2, map to dorsal tectum, which expresses high levels
of ephrin-B1 (Fig. 7). If correct, this hypothetical attractionjust beneath the pial surface in stratum opticum, where
growing retinal ganglion cell axons contact the endfeet of mediated by ephrin-B1 and EphB2 would not only contrast
with their action in the developing rodent peripheral ner-radial glia (Fig. 7). This distribution of ephrin-B1 transcripts
in the neuroepithelium and protein along radially aligned vous system (Wang and Anderson, 1997), but would also be
distinct from the repellent activity of ephrin-A2 and ephrin-cells resembles the distribution of ephrin-A5, which has
been implicated in the guidance of retinal axons along the A5 on retinal axons that express EphA3 (Drescher et al.,
1995; Nakamoto et al., 1996; Monschau et al., 1997). How-anterior±posterior axis of the tectum (Drescher et al., 1996;
Monschau et al., 1997). In addition to a possible role for ever, data from other in vitro studies are consistent with
the hypothesis that ephrin-B1 and EphB2 mediate attractionephrin-B1 and EphB2 in retinal axon guidance, since EphB2
is expressed in the tectal neuroepithelium (Kenny et al., in the retinotectal system. Gottlieb and colleagues (1976)
have shown that dissociated cells from extreme dorsal ret-1995) this ligand±receptor pair could be involved in the
genesis, fate, or differentiation of tectal cells. However, in ina from E12 chick adhere preferentially to monolayers of
cells prepared from extreme ventral retina and adhere pro-contrast to their counter gradients in the retina, in the tec-
tum the gradient of EphB2 expression (Kenny et al., 1995) gressively less well to cells from increasingly dorsal parts
of the retina. Cells from the extreme ventral retina exhibitparallels that of ephrin-B1. In addition, since ephrin-B1 pro-
tein is localized to the processes of radial glia, it may in¯u- a complementary behavior. These ®ndings suggest the pres-
ence of a gradient of adhesive speci®city oriented along theence the migration and laminar patterning of tectal neurons.
The cellular resolution afforded by the digoxigenin dorsal±ventral axis of the developing chick retina. Further-
more, dissociated E3±E9 chick dorsal and ventral retinalmethod suggests that the gradient in ephrin-B1 expression
is due predominantly to a greater amount of transcript per cells preferentially bind to explants of E8±E14 ventral and
dorsal tectum, respectively, mimicking the inverse map-cell in dorsal tectum compared to ventral tectum, rather
than a difference in the number of cells expressing ephrin- ping speci®city of the ventral±dorsal retinal axis along the
dorsal±ventral tectal axis (Barbera et al., 1973; Barbera,B1. It is possible that the gradient of ephrin-B1 expression
re¯ects the ventral to dorsal maturational gradient in the 1975; Marchase, 1977). In the context of our data, these
earlier ®ndings could be explained via an attractive interac-tectum. However, since the dorsal to ventral gradient in
ephrin-B1 expression is present throughout tectal neurogen- tion between cells expressing high levels of EphB2 (ventral
retina) with those expressing high levels of ephrin-B1 (dorsalesis, which spans from E3 to E10 (LaVail and Cowan, 1971b),
it is unlikely that this graded expression re¯ects a matura- retina and dorsal tectum). This interpretation is supported
by the recent report that ventral retinal cells (which expresstional state of neuroepithelial cells and therefore may be
position-dependent. However, the response of retinal axons high levels of EphB2) preferentially adhere to substrates of
ephrin-B1 and dorsal retinal cells (which express high levelsto the gradient will be the same regardless of the manner
by which the ephrin-B1 gradient is established. In addition of ephrin-B1 and ephrin-B2) preferentially adhere to sub-
strates of EphB2 (Holash et al., 1997).to the high dorsal to low ventral gradient of ephrin-B1 ex-
pression, we have noted that ephrin-B1 is present in a high An attractive interaction between retinal axons expressing
EphB2 and tectal cells expressing ephrin-B1 by itself does notposterior to low anterior gradient. This gradient may re¯ect
the anterior to posterior gradient of tectal maturation (La adequately account for retinal axon targeting or the directed
extension of collateral branches of retinal axons along theVail and Cowan, 1971) or the high posterior to low anterior
gradient in the density of radial glial cells in E8 chick tec- dorsal±ventral tectal axis (Nakamura and O'Leary, 1989). If
these were the only molecules involved, then one would ex-tum (Vanselow et al., 1989).
In vitro experiments have shown that rat motor axons pect that all retinal axons that express EphB2 would project
to dorsal tectum, since they would all prefer to target areasand migrating neural crest cells, which express EphB2, are
repelled by ephrin-B1 (Wang and Anderson, 1997). It is con- of tectum with the highest levels of ephrin-B1. An additional
ligand±receptor interaction that mediates retinal axon re-ceivable that ephrin-B1 also acts as a repellent-like activity
for retinal axons that express EphB2, perhaps serving to sponse along the dorsal±ventral tectal axis, via either at-
traction or repulsion, could circumvent this problem. If thismodulate their growth and response to other targeting infor-
posterior to low anterior gradient. (K, L) Higher power photos of the tectal wall at the anterior (K) and posterior (L) locations indicated
with arrowheads in J. Abbreviations: hb, hindbrain; tv, tectal ventricle. The matched gradient photos (C, D; F±I; and K, L) were taken
using the same settings, and all image adjustments were applied simultaneously and equally. Scale bar  200 mm in B and E; 50 mm in
C and D; 30 mm in F and G; 15 mm in H and I; 300 mm in J; and 30 mm in K and L.
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second system acted via attraction, the ligand would need to
be distributed in a gradient counter to that of ephrin-B1,
whereas the receptor could either be uniformly distributed or
present in a gradient counter to that of EphB2.
If the second interaction acted via repulsion, its gradient of
action would need to parallel that of the EphB2±ephrin-B1
gradient of action. This could be accomplished by having a
graded distribution of the ligand that parallels that of ephrin-
B1 and either a uniform distribution of the receptor or a graded
distribution counter to that of EphB2. In the context of the
latter scenario, ephrin-B1 could act as a repellent activity me-
diated by its binding to a receptor distinct from EphB2. Oppos-
ing actions of a single ligand is not without precedent, as
netrin-1 has been shown to act as either a chemoattractant
(Kennedy et al., 1994) or a chemorepellent (Colamarino and
Tessier-Lavigne, 1995) for distinct populations of growing ax-
ons. In addition to EphB2, ephrin-B1 binds and signals through
EphB1/Cek6/Elk and EphB3/Cek10/Sek4 (Brambilla et al.,
1995, 1996). Northern analysis shows that both EphB1 and
EphB3 are expressed in the chicken retina (Sajjadi and Pas-
quale, 1993); although the distributions of these receptors in
the chicken retina have yet to be described, in Xenopus, the
homolog of EphB1 appears to be expressed uniformly in the
retina (Jones et al., 1995). Further, migrating trunk neural crest
cells in chick, which express EphB3, are repelled or inhibited
by ephrin-B1 (Krull et al., 1997), and in Xenopus, migrating
neural crest cells of the third branchial arch, which express
EphB1, are repelled by ephrin-B2 (Smith et al., 1997). There-
fore, in principal, the mapping of retinal axons along the dor-
sal±ventral tectal axis could be achieved by ephrin-B1 having
an attractant activity mediated by EphB2 and a repellent activ-
ity mediated by EphB1 or EphB3 (see for example Giere, 1987).
Evidence currently available does not implicate either of
the other two transmembrane ligands, ephrin-B2 and
ephrin-B3 (Gale et al., 1996a), in the mapping of retinal
axons along the dorsal±ventral tectal axis. As we show here,
ephrin-B2 expression is not appropriate to act in topographic
mapping, and expression data are not available for ephrin-
B3. Although both of these ligands bind EphB2, they bind
it more weakly than ephrin-B1 (Brambilla et al., 1996; Gale
FIG. 5. Ephrin-B1 protein is associated with radial cells that span
the wall of the embryonic optic tectum. (A) A transverse section
through an E8 optic tectum processed with EphB2-fc and a rhoda-
mine-conjugated secondary antibody. The pial surface is at the top,
and the ventricular surface is at the bottom. Radially oriented cellu-
lar processes that bind EphB2-fc (arrow) span the width of the tectal
wall. EphB2-fc labeling is especially high in the nascent stratum
opticum (arrowhead) and is likely labeling the endfeet of the ephrin-
B1 expressing radial cells. No staining was detected in tecta labeled
with control fc and processed similarly (not shown). (B) Same ®eld
as A, labeled with the nuclear stain bisbenzimide. Arrowhead
marks the nascent stratum opticum. (C) Overlay of A and B. Bisben-
zimide-stained cells are aligned along the EphB2-fc-labeled radial
processes. Abbreviations: ne, neuroepithelium; tv, tectal ventricle.
Scale bar  50 mm.
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FIG. 6. Ephrin-B2 has a lamina-speci®c expression pattern coincident with the deeper retinorecipient laminae. A±D show ephrin-B2
expression detected with a digoxigenin-labeled riboprobe; E shows EphB2-fc labeling to reveal the distribution of ephrin-B2 protein; F and
G show the laminar distribution of DiI-labeled retinal axon terminations in the deeper retinorecipient laminae of the tectum. A is an E6
optic tectum; B±G are of E14 tecta. (A) A section cut transverse to the anterior±posterior axis of an E6 optic tectum. Ephrin-B2 expression
is high at the tectal midline (arrowheads) and in the pia (arrow), but is not detected within the tectum itself. (B) Section cut transverse
to the anterior±posterior axis of an E14 optic tectum. Ephrin-B2-expressing cells are located predominantly in a single band (arrowhead).
(C) UV ¯uorescence photo of bisbenzimide staining to reveal tectal lamination in E14 tectum. (D) Section of an E14 tectum showing
ephrin-B2 expression (dark blue/black) and nuclei stained with bisbenzimide (light blue). This is a single-exposure photo combining UV
¯uorescence and bright®eld lighting. Cells expressing ephrin-B2 are predominantly located in lamina D of the stratum griseum et ®brosum
super®ciale (which includes laminae A±J). Laminae E and F will differentiate between laminae D and G at later ages. A section reacted
with EphB2-fc and a rhodamine-conjugated secondary antibody (red) and stained with bisbenzimide (blue). This image is an overlay of a
UV ¯uorescence photo with a rhodamine ¯uorescence photo. EphB2-fc labeling is predominantly localized to a band centered on lamina
D; labeling extends into lamina C, but lamina G is largely negative. No staining is detected in tecta labeled with control fc and processed
similarly (not shown). (F, G) A section showing the distribution of individual retinal arbors labeled by a small retinal DiI injection. F is
a rhodamine ¯uorescence photo of DiI-labeled retinal axons (red). G is an overlay of F with a UV ¯uorescence photo of bisbenzimide
staining (blue). The two DiI-labeled retinal arbors (arrows in F) are centered on lamina D. The diffuse retinal labeling is in stratum opticum
and lamina A/B. Abbreviations: tv, tectal ventricle; D, dorsal, V, ventral. Scale bar  400 mm in A; 500 mm in B; and 50 mm in C and F
(scale bar in C also applies to D and E).
et al., 1996a), and even though ephrin-B2 can induce auto- retinorecipient laminae, at a time when retinal axons are
in the process of arborization, suggesting that ephrin-B2phosphorylation of EphB2, assays of functional ligand±re-
may in¯uence the laminar patterning of retinal axon termi-ceptor speci®city suggest that neither ephrin-B2 nor ephrin-
nations in the tectum. Since this form of laminar patterningB3 signals through EphB2 (Brambilla et al., 1996). Thus, if
is not a topographic function, we predict that the functionaleither ligand is involved in retinotectal mapping, it likely
receptor for ephrin-B2 is expressed uniformly by ganglionacts through a different receptor than EphB2.
cells distributed across the entire retina. This prediction,
together with the report that ephrin-B2 does not appear toPossible Role of Ephrin-B2 in Retinal Axon Arbor signal through EphB2 (Brambilla et al., 1996), suggests that
Formation within the Tectum a receptor other than EphB2 mediates the retinal axon re-
Our ®ndings demonstrate that ephrin-B2 transcripts and sponse to ephrin-B2. Ephrin-B2 binds to and signals through
three additional receptors, including EphB1, EphB3, andprotein are predominantly expressed in the deeper tectal
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EphB4/Myk1/Htk (Brambilla et al., 1996), suggesting that
one or more of these receptors may be the functional ephrin-
B2 receptor(s) in the retina. As mentioned in the preceding
section, both EphB1 and EphB3 are expressed in the chick
retina (Sajjadi and Pasquale, 1993), and EphB1 appears to be
expressed uniformly in Xenopus retina (Jones et al., 1995).
Therefore, EphB1 and/or EphB3 may be the functional
ephrin-B2 receptor(s) in the retinotectal system.
In the adult avian tectum, retinal axons arborize in the
more super®cial laminae of stratum griseum et ®brosum
super®ciale (SGFS), the most super®cial being lamina B and
the deeper ones being laminae, D, F, and, to a lesser extent,
C (LaVail and Cowan, 1971a; Reperant and Angaut, 1977).
Chemically de®ned subpopulations of retinal ganglion cells
project to speci®c retinorecipient laminae; for example, sub-
stance P (SP)-expressing retinal axons terminate in the SP
receptor immunoreactive lamina B, and acetylcholine re-
ceptor ß2 subunit-expressing retinal axons terminate in the
cholinergic lamina F (Kuljis and Karten, 1988; Karten et al.,
1990; Yamagata and Sanes, 1995b). This complementarity
in receptor±ligand pairing between retinal axon terminals
and their retinorecipient laminae suggests that molecular
matching between pre- and postsynaptic partners underlies
lamina-speci®c retinal axon targeting (Yamagata and Sanes,
1995b). The expression pattern of ephrin-B2 suggests that
it plays a role in this process (Fig. 7). We hypothesize that
a subpopulation of retinal ganglion cells expresses an
ephrin-B2 receptor and that ephrin-B2 in¯uences the arbori-
zation of their axons in the deeper retinorecipient layers,
perhaps by acting as a stop signal or as a direct promoter
of arborization. Alternatively, ephrin-B2 receptors may be
FIG. 7. Ephrin-B ligands for the EphB subfamily of receptor tyro-
expressed speci®cally on the subpopulation of retinal gan-sine kinases may be involved in the topographic mapping of retinal
glion cell axons that arborize in the super®cial lamina B,axons along the dorsal±ventral axis of the optic tectum, as well as
and ephrin-B2 acts via repulsion or inhibition to restrictthe development of lamina-speci®c arborizations of retinal axons
these axons and their arbors to this lamina. This latter sce-in the optic tectum. Highest levels of receptor expression are illus-
nario is consistent with reports that EphB1 and EphB3 medi-trated in dark purple and highest levels of ligand expression in dark
red. Green and blue indicate super®cial and deep terminations of ate the avoidance of ephrin-B2 or ephrin-B1 substrates, re-
speci®c subsets of retinal axons within the optic tectum, respec- spectively, by migrating neural crest cells (Krull et al., 1997;
tively. (A) Schematic diagram of whole mounts of the retina and Smith et al., 1997).
tectum illustrating the smooth mapping of the dorsal±ventral axis
of the retina along the ventral±dorsal axis of the tectum. (B) The
graded retinal distributions of EphB2, an Eph receptor tyrosine ki-
nase, and ephrin-B1 and ephrin-B2, transmembrane ligands that
bind EphB2, illustrated in a cross-section through the retina. EphB2 tum predict that ephrin-B1 acts as an attractant or growth promoter
is distributed in a high ventral (V) to low dorsal (D) gradient within preferentially for ventral retinal axons. (D) Left panel shows the
the retina and is present on the corresponding axons of retinal distribution of retinal axon arbors within the developing optic tec-
ganglion cells. Ephrin-B1 and ephrin-B2 are distributed in a high tum. Subsets of retinal axons arborize in speci®c laminae of stra-
dorsal to low ventral gradient in the retina, complementing the tum griseum et ®brosum super®ciale: either the super®cial lamina
distribution of EphB2, but are not present on retinal ganglion cell A/B (green) or the deeper laminae D, E/F, and to a lesser extent C
axons. (C) Low- (left) and high- (right) power schematics of a section (blue). Right panel shows the distribution of ephrin-B2 in the optic
cut transverse to the anterior±posterior axis of the optic tectum. tectum. Both ephrin-B2 transcripts and protein are predominantly
Ephrin-B1 is distributed in a high dorsal to low ventral gradient. found in the deep retinorecipient laminae (dark red) and to a lesser
Although ephrin-B1 transcripts are predominantly found in the extent in lamina C (light red). Some of the non-retinorecipient
neuroepithelium (ne), the protein is distributed along the processes tectal layers have been compressed for clarity (arrows). We hypothe-
of radial cells that span the width of the tectal wall and is concen- size that ephrin-B2 (1) acts as an inhibitor or a repellent speci®cally
trated in their endfeet that line the stratum opticum (so). Thus, for the subset of retinal axons that arborize in the super®cial lam-
ephrin-B1 is in a location where it can in¯uence the guidance of ina, thus preventing them from arborizing in the inappropriate
retinal ganglion cell axons, which course in the stratum opticum. deeper laminae, and/or (2) promotes the arborization of the subset
The distributions of EphB2 in the retina and ephrin-B1 in the tec- of retinal axons that terminate in the deeper tectal laminae.
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